I N T R O D U C T I O N
Success in intercepting a moving target depends in part on the accuracy with which we estimate the time that remains before the object arrives at the point of interception (time to contact or TTC). A number of visual cues can contribute to TTC estimates, such as dilation of the retinal image, changes in binocular disparity, reduction of the optical gap between the target and interception point, and the evolution of pursuit eye movements (Bootsma and Oudejans 1993; Gray and Regan 1998; Rushton and Wann 1999; Savelsbergh et al. 1993) . While it is known that the processing of visual information can provide accurate estimates of an object's distance and velocity, human observers are generally poor at measuring or even detecting acceleration (Werkhoven et al. 1992 ). This paucity of acceleration and higher-order cues means that available visual information is ambiguous; for a given measurement of position and velocity, there are an infinite number of possible true TTC values that could occur, depending on future changes in velocity. A reasonable way to resolve this ambiguity would be to assume no acceleration. Thus the main hypothesized mechanisms for TTC estimates based on visual information involve first-order approximations of object motion (Tresilian 1991 (Tresilian , 1993 in which acceleration is neglected. The best-known example of such first-order estimates of TTC is represented by the -model in which the interception response is triggered on the basis of information that is equivalent to the ratio between target distance and velocity (Lee 1976) . The use of first-order TTC estimates has been proposed to explain observed performance for a variety of interception tasks (Bootsma and van Wieringen 1990; Brouwer et al. 2000; Engel and Soechting 2000; Lee et al. 1983 Lee et al. , 1997 Merchant et al. 2003; Port et al. 1997; Rushton and Wann 1999; Savelsbergh et al. 1991 Savelsbergh et al. , 1992 Senot et al. 2003 Van Donkelaar et al. 1992 Viviani et al. 1987) .
Humans and other animals are, however, predictive in their behavior. Accordingly, they may formulate a best guess about the law of motion of a target based on prior experience and on the physical context of the current observation. For instance, our daily experience tells us how real objects normally move in the Earth's gravitational field; any mass is affected by the same downward acceleration of gravity as any other mass. While it may be difficult to discriminate arbitrary accelerations based on visual information, gravitational acceleration is constantly monitored by vestibular and somatosensory receptors, and the consequences of its effects on objects are presumably learned and internalized through lifelong experience (Lacquaniti et al. 1993; Shepard 1984) . This a priori knowledge about the effects of gravity, combined with on-line visual measurements about position, velocity, and direction of movement, could in theory be used to generate a "better" TTC estimate that is more likely to be close to the true value (Lacquaniti and Maioli 1989; Lacquaniti et al. 1993; McIntyre et al. 2001) . Consistent with this hypothesis, the predictive responses used to catch or punch a ball dropped from overhead are synchronized to the moment of contact over a wide range of drop heights and initial ball velocities (Bennett et al. 1994; Lacquaniti and Maioli 1989; Lacquaniti et al. 1993; Lang and Bastian 1999; Lee et al. 1983; Michaels et al. 2001) . Furthermore, astronauts triggered muscle responses earlier with respect to impact when catching a ball projected "downward" in microgravity (McIntyre et al. 2001) , as if they were continuing to anticipate effects of gravity. Subjects who punched a falling ball also anticipated gravity's acceleration, even when the visual target moved at constant velocity (Zago et al. 2004 ) and manifestations of "representational physics" appear to be influenced by an effect of real or implied gravity (Hubbard 1995; Nagai et al. 2002) .
Here we designed a series of experiments to test the relative role of these different factors-on-line visual information versus an a priori assumption of gravitational acceleration-in the timing of interceptive action. Subjects were asked to intercept a ball viewed stereoscopically in an immersive, virtual environment. The ball moved with a constant-acceleration motion; however, the acceleration of the ball on each trial was randomly selected between one of three different possible values: 1g acceleration, 1g deceleration or constant velocity motion. The ball moved either downward from overhead or upward from below the subject's feet. A gravitational context was therefore created by the visual scene (looking up toward the ceiling vs. looking down toward the floor) as well as by proprioceptive signals (neck muscle spindles and vestibular sensors) that contribute information about the orientation of the head relative to the vertical. If subjects tune their interception behavior based strictly on visual information about the ball, one would expect to see exactly the same responses for balls approaching from above or below. On the other hand, if the physical context of the movement (upward or downward) has an influence on the timing strategy employed by the subject, one might expect subjects to adjust their responses depending on the direction of movement, based on the perceived direction of the gravitational force coupled with a priori assumptions about the acceleration of the ball due to gravity.
M E T H O D S
Twenty-six healthy, right-handed volunteers (13 female, 13 male) were recruited to perform the experiment after giving informed consent. Experiments were carried out in conformance with local and international standards for the use of human subjects.
Subjects wore a virtual-reality head-mounted display (HMD, Virtual Research model V8) that projected a 40°wide ϫ 30°high image in front of each eye (640 ϫ 480 pixel resolution, 60 Hz). Via this display, subjects were positioned in the middle of a virtual square room with walls positioned 2 m in front of and to either side of the nominal head position.
Principal experiment-Above versus Below
For trials in the Above condition (Fig. 1A) , the ceiling was located 7.5 m above the subject's head, while the floor was located 2 m below eye level. A virtual ball launcher (cannon) was situated on the ceiling, pointing straight down. The mouth of the ball launcher was situated 7 m above eye level. The ball traveled along a downward, straight-line trajectory that passed 15 cm in front of the subject (as measured from the position of the eyes). An invisible interception point was defined at a distance of 50 cm above the nominal eye level, and the initial position of a virtual racket was located 20 cm to the right of the interception point. With the head tilted upward at the nominal head position in the real world (Fig. 1B) , both the mouth of the ball launcher and the racquet were simultaneously visible within the field-of-view allowed by the HMD (Fig. 1C) . The eyes were thus situated off the line-of-flight for the ball, allowing a slightly oblique view of the ball's trajectory (Fig. 1D ).
In the Below condition (Fig. 1E) , the vertical components of the virtual geometry were reversed. The ceiling was located 2 m above the subject's eyes and the floor was situated 7.5 m below. The interception point and racquet were also located 50 cm below and 15 cm in front of the subject. Thus by looking downward in the real world (Fig.  1F) , the subject could also see both the mouth of the ball launcher and the racquet within the field of view (Fig. 1G) . The geometry of the viewing conditions were reversed with respect to the Above condition, such that the optical distances of objects in the visual field (launcher, ball, racquet) were the same in both conditions (Fig. 1H) . Note that the avatars in Fig. 1 , A and E, are presented only to depict the simulated posture of the subject within the virtual world. Subjects could at no time see a real or simulated representation of their own bodies within the visual display.
Dilation of the retinal image, the optical variable , and the reduction of the optical gap between the ball and the racquet were all potential sources of information about the time to contact with the ball, due to the slightly off-axis viewing angle. Figure 1 , D and H, shows the geometry of the viewing conditions in the Above and Below
FIG. 1. Experimental setup.
A: virtual world and posture of the subject in the Above condition, as seen from a virtual viewpoint of the room from outside. B: in the real world, subjects tilted the head up to be able to see the racket and the mouth of the canon in the virtual world. C: virtual scene viewed by the subject with the head tilted up in the Above condition. D: relative viewing geometry in the preceding condition, showing the ball's path toward the interception point and the initial position of the racquet relative to the head of the subject. Note that the distance of the ball launcher (7 m) relative to the position of the racquet (50 cm in front of the eyes and 20 cm to the side of the interception poinst) is not to scale in this figure. E-H: equivalent representations of viewing conditions and subject posture for the Below condition.
conditions. The visual angle subtended by the 16-cm-diam ball was always Ͼ0.7°, allowing accurate estimations of TTC under binocular viewing conditions (Regan and Gray 2000) . The optical gap between the starting position of the racquet and ball was 16.7°and decreased to 12.7°when the ball reached the interception point, meaning that both the ball and the racquet could not be foveated at the same time when the racquet was at the starting position. Calculations on the nine possible ball trajectories (see following text) showed that the closure of the optical gap was Ͼ0.01 rad/s over the whole trajectory of the trajectory, well above known minimal thresholds (0.0003 rad/s) for detection of movement by the visual system (De Bruyn and Orban 1988; Orban et al. 1984) .
Left and right components of the synthetic stereo image were displayed separately on screens in front of each eye. Images were rendered with true perspective projection based on the viewing frustrum of the HMD screens and on a nominal inter-pupillary distance of 6 cm. The stereo display afforded relative depth information via horizontal retinal disparity cues and the possibility of absolute depth information based on the vergence angle of the eyes when fixating a particular object in the virtual scene. The one optical cue relative to depth that was not available to the subject was visual accommodation as the focal plane of the HMD was fixed at infinity. The fact that the stereo image was not computed based on the subject's true interpupillary distance may have effected somewhat their judgements of absolute depth in the three-dimensional (3D) display, but this would have little effect on judgements of relative position and timing (Drascic and Milgram 1996) . In any case, any distortion of visual perception due to this factor would be the same in the Above and Below conditions and could not explain differences between these two situations. Before the experiment, subjects were asked to report if they experienced a stereoscopic view and all answered positively.
Geometrical cues in the visual scene also contributed to the sense of depth. The left, right, and front walls were covered with a brick texture, providing regularly space horizontal and vertical lines that were rendered in a 3D perspective projection. In addition, directional lighting resulted in differing contrast and illumination on each vertical wall, providing a clear indication of perpendicular walls and corners. The true position and orientation of the head were measured in real-time (Sagèis optical tracker, Ϯ0.1 mm resolution for displacement, Ϯ0.04°resolution for orientation, 66.66 Hz update rate), and the image in the HMD was updated accordingly (latency Ͻ30 ms). While the subject could see only a restricted portion of the virtual room at a time, he or she could look around the virtual room to see the floor, walls and ceiling. Small movements of the head around the nominal position led to motion parallax between near (racket) and far (ball launcher, walls) objects, completing the set of depth cues available to the subject. To augment the sense of realism in the virtual environment, subjects were encouraged to perform such movements prior to starting a set of trials. Few such head movements were observed, however, once the interception trials were started.
In the primary experiment, directional cues defining up and down were provided primarily by proprioception. Subjects literally had to look up or down to see the virtual ceiling and floor (Fig. 1, B and F) . At all times, the virtual reference frame for up and down were anchored with respect to the real world and aligned with the true gravitational vertical. Thus both neck proprioception and vestibular cues indicated the orientation of gaze. Downward directed lighting from above and behind the subject in the virtual world provided further visual hints as to the direction of gaze with respect to gravity and specular reflections of those lights indicated whether the spherical ball was being observed from above or below. Finally, the floor and ceiling were rendered in different textures (simulating the wood parquet and the girdered ceiling of a gymnasium) to provide a final contextual meaning to the different viewing conditions.
The task for the subject was to intercept a moving ball with the racquet. The subject pressed a button to begin each trial. After a random delay (200 -1,000 ms), the virtual ball was projected along a straight line from the mouth of the ball launcher (straight down for Above, straight up for Below). On the press of a trigger button, the racquet performed a stereotypical, 40cm straight-line movement from right to left that crossed the vertical line extending downward from the cannon at the interception point. The racquet covered the full 40 cm distance in 150 ms, following a minimum-jerk profile and if triggered correctly, would hit the ball just before the moment of maximum velocity. Thus to successfully hit the ball, the trigger needed to be pressed 57 ms prior to the arrival of the ball at the interception point (taking into account the radius of the ball and the thickness of the racquet). The margin of error for the timing of the trigger depended on the size of the ball (16 cm diameter sphere) and racquet (16 ϫ 16 cm) and on the velocity of the ball as it reached the interception point. Feedback on successful/unsuccessful trials was provided to the subject by changing the behavior of the ball accordingly. When intercepted, the ball was deflected sideways by the racquet and bounced off of the lateral walls. When not intercepted, the ball turned red and appeared to pass behind the head of the subject.
We constructed a test set of nine different possible velocity/ acceleration profiles for the ball. In all cases, the ball traveled a distance of 6.5 m between the mouth of the ball launcher and the ideal interception point (center of ball aligned with the center of the racquet). The ball could undergo one of two constant accelerations: Ϯ9.8 m/s 2 (Ϯ1g) or move at a constant velocity, i.e., the ball would accelerate, decelerate, or move at a constant velocity toward the interception point. These three accelerations are referred to ϩ1g, Ϫ1g, and 0g, respectively. For each possible acceleration, three different initial velocities were calculated so that the ball would cover the 6.5 m distance with one of three flight durations (750, 800, or 850 ms). Table 1 provides the calculated initial velocities for each combination of acceleration and flight duration. Each subject performed two blocks of trials, Above and Below, the order being randomized across subjects. During each block, acceleration and duration were randomized from trial to trial, and each combination was repeated five times. The protocol thus had a 2 ϫ 3 ϫ 3 ϫ 5 design (Above or Below ϫ 3 durations ϫ 3 accelerations ϫ 5 repetitions). Prior to starting the test trials, subjects were asked to perform a few trials to familiarize themselves with the constant motion of the racket. Subjects performed five or six trials in which the ball was projected horizontally toward them with no acceleration and one of the three possible initial velocities used in the main experiment.
Control experiment-visual versus proprioceptive cues
In the Above and Below conditions, the retinal images differed in the two cases due to both the differing visual cues in the background and differing the geometrical configuration of the objects (cannon, ball, and racket) within the visual field (Fig. 1 , C and G). To give a greater cognitive sense of up and down within the virtual world, the floor and ceiling had differing visual patterns (parquet floor, girdered ceiling), and the virtual scene was rendered with directional lighting coming from above. This means that the luminosity of the ball differed slightly and was presented against two different visual surrounds for the two cases. Concerning the geometry, the initial distance and the velocity profile of the ball was the same, and the viewing angle with respect to the trajectory was symmetric between the two conditions, so the visual scene afforded exactly the same information about the movement of the ball in the two cases. However, the spatial organization of the subject with respect to the vertical trajectory of the ball was mirror-symmetric across the horizontal plane. More precisely, the ball followed a line that passed 15 cm in front of the subject, regardless of whether the ball was projected upward from below or downward from above. This means that the spatial organization among the ball, the cannon, and the racket, when projected onto the retina, was different in the two conditions. Within the twodimensional (2D) retinal image, the racket was located on the upper right corner of the field of view in the Below condition and in the lower right corner in the Above condition (see Fig. 1 , C and G). In both cases, the cannon was centered in the field. Thus the relative position of the racket with respect to the cannon when projected onto the retina was reversed between the Above and Below conditions. Although the visual scene afforded exactly the same information about the movement of the ball in both the Above and Below conditions, one cannot exclude the possibility that the differences in the retinal image described in the preceding text could influence the response of subjects. We therefore designed a control experiment to determine whether any differences in behavior between the Above and Below conditions could be attributed to these differences in the retinal image rather than to an effect of the ball's direction relative to gravity. In this control experiment, we recreated the two different retinal images corresponding to the Above and Below conditions while holding constant the posture of the subject (looking straight ahead) and the direction of the ball's trajectory with respect to gravity (horizontal). The virtual room was the same as previously but was rotated with respect to the real world in such a manner that subjects could see, on any given trial, either the "floor" or the "ceiling" while looking straight ahead (Fig. 2) . The ball approached the subject with the same combinations of accelerations and flight times as in the primary experiment. We refer to these two conditions as PseudoBelow and Pseudo-Above. To enhance the cognitive context, subjects were asked at the beginning of each block to describe what part of the room was in front of them. The responses "ceiling" or "floor" were the expected answers, depending on the visual scene, and all subjects responded accordingly. Fifteen subjects (9 female, 6 male) who participated in the primary experiment, performed this control experiment several weeks later.
Numerical simulations
To gain insight into how subjects might have adjusted their responses depending on the direction of the ball's movement, we simulated timing strategies based on a second-order prediction of the ball's time-to-contact. In these simulations, information about the distance from the interception point (p) and velocity (v) of the ball was assumed to be measurable on-line, but the acceleration parameter (˜a) used to predict TTC was fixed prior to the appearance of the ball and could not be changed during the course of the trial. The assumed future trajectory of the ball at any time t was therefore
and the estimated TTC at any given instant was given by
We assumed that the observers continuously estimated TTC and triggered responses when that estimate dropped below a certain threshold value (NB see DISCUSSION about alternative strategies based on other perceptual variables). Two free parameters were therefore available in this model of the observer's behavior, the assumed acceleration (ã) and the threshold TTC value () at which the response would be triggered. For each of the nine different possible ball kinematics, described by the parameters, a 0 ϭ true ball acceleration; v 0 ϭ initial ball velocity; and p 0 ϭ initial ball distance from the interception point. We calculated the threshold time (t threshold ) by setting TTC to in Eq. 2 and solving for t, which gives in the general case
The observed triggering time was assumed to occur at a fixed time after reaching the predicted threshold, to take into account the processing and transmission time for the motor command to reach the periphery
Subjects intercepted balls in a virtual environment by pressing a button to trigger the movement of a virtual racquet. The ball moved toward the subject with an acceleration that remained constant during each trial but that varied randomly from trial to trial. Visual cues about gap closure and dilation of the image of the ball on the retina were sufficient to allow a useful estimation of TTC. The error margin for the timing of the response was small enough that a strategy based on any one presumed acceleration value would not achieve perfect success for all three possible real accelerations of the ball. Nevertheless, the error margin and the variability of responses was large enough that subjects would hit some of the balls in all conditions even if the timing strategy was poorly tuned to the actual movement of the ball. We evaluated subject's performance on FIG. 2. Experimental setup for the control experiment (Pseudo-Above and -Below). The virtual world was rotated Ϯ90°to see the ceiling or the floor in the virtual scene while looking straight ahead with respect to gravity. this task in terms of success rate and response time as a function of ball acceleration, flight duration, and direction of movement with respect to gravity. ANOVAs with repeated measures and Newman-Keuls post hoc analyses were performed with Statistica (Statsoft).
Primary experiment
Success rate was computed as the percentage of successful trials for a given experimental condition. Success rates were reasonable but not very high (48.5% overall), indicating the difficulty of the task (Fig. 3 ). An ANOVA (2 directions ϫ 3 flight durations ϫ 3 accelerations) conducted on success rate revealed a significant effect of acceleration [F(2,50) ϭ 39.25; P Ͻ 0.01]: results were better for experimental conditions with constant velocity (67%) than for accelerating (39%) or decelerating stimuli (40%). Interestingly, we also found a significant cross-effect of acceleration and direction [F(2,50) ϭ 8.54; P Ͻ 0.01] on success rate. For decelerating balls, success rate was better for the below condition (44.8%) than for the Above condition (34.6%), i.e., better for the balls rising up from the floor. Conversely, greater success was achieved for accelerating balls in the Above condition (balls projected downward from the ceiling) than for the Below condition (45.6 and 32.5%, respectively). In other words, in the case of accelerating and decelerating objects, subjects were better when the experimental conditions were congruent with natural gravitational conditions. No significant difference was found between the two conditions for constant-speed trials.
We then studied the effect of ball direction, acceleration and flight duration on triggering time relative to impact (Fig. 4) . The ANOVA revealed a significant effect of acceleration [F(2,50) ϭ 1178.78; P Ͻ 0.01]. Subjects responded on average too early when the ball decelerated and too late when it accelerated. For constant velocity conditions, response times were near the ideal response corresponding to the time it took the racket to move from its initial position to the ideal intercepting point (57 ms). These data are coherent with the better success rate found for trials with no acceleration.
We also found a significant effect of flight duration on response time [F(2,50) ϭ 43.29; P Ͻ 0.01]. However, a significant cross-effect between this factor and the ball acceleration factor indicates that the effect of flight duration was different depending on the acceleration of the ball [F(4,100) ϭ 52.57; P Ͻ 0.01]. It is clear from Fig. 4 that flight duration had a greater effect on decelerating balls than on the two other conditions. Note also that the responses for constant-velocity balls showed a decrease in triggering time with respect to impact for longer flight times, while triggering times increased as a function of flight duration for accelerating balls. In separate ANOVA analyses on constant-velocity and 1g-accelerating balls only, the main effects of flight duration on triggering times were statistically significant [F(2,28) ϭ 13.98; P Ͻ 0.001 and F(2,28) ϭ 11.26; P Ͻ 0.001, respectively]. These trends are surprisingly robust; the same effects are observed for both the Above and Below conditions and for the Pseudo-Above and -Below conditions (see following text).
The most interesting result was the effect of ball direction on response timing [F(1,25) ϭ 23.41; P Ͻ 0.01]. Responses were significantly earlier when the ball was projected downward from the ceiling [Above condition, 87 Ϯ 105 (SD) ms prior impact] than when it flew upward from the floor (Below condition, 62 Ϯ 102 ms prior impact) with a difference of 25 Ϯ 6 ms on average. This difference in timing between the Above and Below conditions was found whatever the ball acceleration and for all flight durations (i.e., there were no significant cross-effects in the ANOVA analysis). Figure 5 shows the time course of this response with practice; the triggering time averaged over the three accelerations and the three flight durations was computed as a function of the repetition number and is plotted separately for two groups of subjects: those who performed the block Below before the block Above and vice versa. Both groups of subjects exhibited a shift in timing when changing from the Above to the Below condition or vice versa; the shift was positive (responses occurred later) when passing from Above to Below and negative (responses occurred earlier) when passing from Below to Above. When one compares the average timing of responses for the first block of trials performed by each group of subjects, the disparity in triggering time for the Above and Below conditions (a between-subjects factor in this analysis) was 32 ms. The same analysis applied to the second block of trials showed a disparity between Above and Below of only 18 ms. This difference in disparity between Above and Below (32 vs. 18 ms) for earlier and later blocks of trials was significant FIG. 3. Mean Ϯ SE of the success rate for the 3 accelerations in both experimental conditions. Although best results were achieved for trials in which the ball's acceleration was null, success was better in the Above condition (ᮀ) when the ball accelerated at ϩ1 g and better in the Below condition when the ball decelerated at -1 g. FIG. 4. Effect of acceleration, fall duration, and direction on triggering time. The racquet was triggered earlier when the ball came from above than from below whatever its real acceleration.
[F(1,12) ϭ 40.1, P Ͻ 0.01]. Note that subjects constantly adjusted the timing of the current response based on the ball kinematics of the previous trial. Triggering time for constant velocity balls were earlier, on average, when the preceding trial was an accelerating versus a decelerating ball [F(1,25) ϭ 37.9, P Ͻ 0.01]. However, this effect is confounded with the fact that responses to decelerating balls tended to be too early while responses to accelerating balls were too late (Fig. 4) . Thus one could more simply attribute the modulation of timing for constant-velocity balls to the relative timing of the previous trial (early or late) rather than a specific effect of the ball's acceleration.
Control experiment
In the control experiment, in which the visual scene was varied as in the primary experiment, but the posture of the subject and the direction of the ball's movement with respect to gravity remained constant, overall success rate did not change dramatically (53% overall). As in the principal experiment, success rates (Fig. 6) were better for constant-velocity balls (71%) than for trials with decelerating (49%) or accelerating (39%) balls. The ANOVA analysis confirmed a significant effect of acceleration [F(2,28) ϭ 15.88; P Ͻ 0.01] on success rate as observed in the primary experiment. Most important, however, was the fact that the differential effect of ball acceleration on success rate observed for the Above and Below conditions in primary experiment was not observed in the control experiment. Subjects were equally successful at intercepting accelerating and decelerating balls in both the pseudoAbove and -Below conditions [the cross-effect of acceleration and direction was not significant, F(2,28) ϭ 0.24; P ϭ 0.8].
Also in contrast to the primary experiment, response timing was the same for both the Pseudo-Above and -Below conditions (Fig. 7) . Although an ANOVA revealed effects of acceleration [F(2,28) ϭ 313.88; P Ͻ 0.01] and flight duration [F(2,28) ϭ 22.31; P Ͻ 0.01] on response times relative to impact, we observed no significant difference in timing parameters [F(2,28) ϭ 2.29; P ϭ 0.15] between Pseudo-Above and -Below conditions across all accelerations and flight durations. Note that the patterns of triggering times as a function of ball acceleration and flight time were remarkably similar in the control experiment as compared with those observed for the Above and Below conditions, even though these experiments were carried out in different sessions and with somewhat different groups of subjects. Responses were triggered earlier as a function of flight duration for both decelerating and constant-velocity balls, while they were triggered somewhat later for longer durations when the ball accelerated. Note also that the average triggering time for all accelerations and flight durations in the Pseudo-Above and -Below (Ϫ69.6 Ϯ 16 ms) conditions fell between the average triggering times for the Above and Below conditions (Ϫ87 Ϯ 26 and Ϫ62.2 Ϯ 17 ms, respectively).
Simulation of timing strategies
Using Eqs. 1-4, we simulated the response timing that would result if subjects used one of two different strategies to synchronize their responses with the arrival of the ball. We assumed that the observers continuously estimated TTC and triggered responses when that estimate dropped below a certain threshold value. Parameters describing kinematics of the ball's movements (a 0 , v 0 , p 0 ) were taken directly from the parameters used to create the virtual environment. We then used these simulations to test hypotheses about how responses were syn- FIG. 5. Time course of average triggering time. The difference in timing between the Above and Below conditions was greater for the 1st sets of trials than for the 2nd, indicating an adaptation of responses to the true stimulus conditions. There was a sharp transition in timing between the Above and Below conditions that cannot be attributed to adaptation across trials. FIG. 6. Control experiment. Mean Ϯ SE of the success rate for the 3 accelerations in both experimental conditions. Note that the cross-effect between direction and acceleration (Fig. 3) has disappeared in this condition. chronized to the arrival of the ball in the interception zone by making specific assumptions about the a priori estimate of acceleration (ã) used to estimate TTC and then fitting the remaining parameters (TTC threshold and processing time ) to the empirical data.
First consider what would be expected if subjects adjusted˜a as a function of the ball's direction of movement (up or down). Strategies for predicting TTC based on an a priori assumption of 1 g acceleration (ã ϭ ϩ1g) or deceleration (ã ϭ Ϫ1g) predict markedly different patterns of timing with respect to the duration of the ball's trajectory. If the ball's true acceleration is coherent with the a priori assumption, responses should be triggered at a constant time prior to impact. When the real and predicted accelerations are not the same, however, the timing of the response should vary systematically as a function of the average speed of the ball. This is particularly so when the a priori assumption is that of an accelerating ball when in fact it decelerates; in this case, one should observe a high sensitivity of response timing to the flight duration. We indeed observed robust effects of flight duration on the timing of responses; for decelerating balls, the responses occurred earlier with respect to impact for longer flight durations. This pattern would be expected for an a priori expectation of constant velocity or constant accelerating motion of the ball. But this same relationship appeared in all four conditions (Above, Below, Pseudo-Above, Pseudo-Below) . If subjects switched between ã ϭ ϩ1 g when looking above to ã ϭ Ϫ1g when looking below, one would expect to see changes in slope of the plots of triggering time versus flight duration. In fact, while the timing of responses in the Above condition are reasonably well fit by a ϩ1 g model of TTC (Fig. 8A, Table 2 ), data from the Below condition could not be adequately fit by a Ϫ1g model, even if we freely varied and . If subjects were indeed adjusting their a priori assumption of acceleration in the estimate of TTC, it must have been at best a partial adjustment, such as applying a ϩ1g second-order TTC estimate for balls from above (ã ϭ ϩ1g) and a first-order, constant-velocity strategy (ã ϭ 0) for balls rising from below (Fig. 8B) .
Instead of adjusting the expected acceleration depending on the direction of ball movement, the observers may use the same value ã for all conditions but instead adjust the TTC threshold to improve success . Such a strategy predicts patterns of response timing consistent with the parallel shifts noted in the data, whether the subject is using a ϩ1g prior (Fig. 8C) or a first-order strategy (Fig. 8D) . Based on this comparison, it appears that subjects applied a greater TTC threshold or a shorter processing time (responses occurred earlier) when intercepting balls coming from above than from below rather than changing the a priori expectation of acceleration.
It is difficult to conclude from the data here whether the anticipated acceleration of the ball was that of ϩ1 g acceleration or constant velocity. Both models give similar fits to the data (Fig. 8, C and D) . The fact that success rate was highest for constant-velocity balls might be taken as evidence that a constant-velocity (ã ϭ 0) assumption is being used. However, a first-order TTC estimate does not explain the significant variation of response timing as a function of flight duration for constant-velocity balls. A significant variation of triggering time with respect to flight duration was observed for these trials, consistent with the expectation that the ball will accelerate even though it does not. Indeed, setting ã ϭ ϩ1g provides a somewhat better fit to the data (Table 3) . Thus there may be an a priori expectation of acceleration of the ball even in the Below and in the Pseudo-Above and -Below conditions. The higher success rate for constant-velocity balls could be achieved even with ã ϭ ϩ1g by adjusting to optimize overall FIG. 8. Simulations of timing strategies. Each panel shows the best-fit predictions of Eqs. 3 and 4, depending on which parameters are presumed to vary between the Above and Below conditions. A: acceleration (ã ϭ ϩ1 g) for Above and deceleration (ã ϭ Ϫ1 g) for Below, with best-fit and . B: acceleration (ã ϭ ϩ1 g) for Above and constant velocity (1st-order TTC) for Below, with best-fit and . C: expected acceleration (ã ϭ ϩ1 g) for both Above and Below, best-fit for a common . D: 1st-order estimate (ã ϭ 0) for Above and Below, best-fit for a common . Root mean square (RMS) difference shown between the predictions of the numerical model and the actual data. Values highlighted in gray are used in the comparison of simulations to data in Fig. 8 A and B . Processing time is fit to the data but is constrained to be the same between the two conditions. Only the time-to-contact threshold is presumed to change in the Above and Below conditions. Values highlighted in gray are used in the comparison of simulations to data in Fig. 8 C and D. success rate . On the other hand, when the ball accelerated toward the subject, the responses tended to be triggered later for the longest flight time in all conditions (see Figs. 4 and 7) . Neither a 0 g nor a ϩ1g a priori estimate of acceleration predicts this repeatable pattern of response timing.
The predicted error in timing for decelerating balls is relatively large in all the simulations shown in Fig. 8 . It would appear surprising therefore that the application of these models would allow for any success at all for decelerating balls. One must consider, however, the margin of error provided by the large racket (on the order of Ϯ50 ms, depending on the velocity of the ball in the interception zone) and the variability of responses to a given stimulus. The SD of triggering times for a given stimulus, averaged across subjects (47 ms), means that subjects would hit a few balls by chance, even with a poorly tuned timing strategy. This high variability also explains why success rates were not perfect for constant-velocity or accelerating balls, even though the timing strategy appears to be well tuned to balls moving with these kinematics. This may explain why subjects converged only slowly to a common timing strategy for the Above and Below conditions (Fig. 5 ) even though the ball kinematics were the same in both cases. If initial guesses as to the value of are far from the optimal value, subjects could rapidly improve overall success rate by increasing or decreasing this value, depending on whether a given response is early or late. But because of the constant switching of the ball's acceleration from trial to trial, subjects will frequently produce responses that are incorrectly timed. It would take many trials to detect a significant improvement in overall success when the timing parameters are near the optimal values.
D I S C U S S I O N
In these experiments, subjects were asked to intercept a ball viewed stereoscopically in an immersive, virtual environment. Subjects either looked up to intercept balls falling from above or looked down to intercept balls rising from below, and balls approached the interception point with 1 g acceleration, with 1 g deceleration, or at constant velocity. The ball started from a location far enough from the subject to allow adequate performance by implementing a timing strategy that ignores on-line estimates of acceleration (Tresilian 1999) . In line with this fact, subjects showed a reasonable level of performance overall but with a significantly higher success rate for balls moving at constant velocity than for accelerating or decelerating balls. The significant effect of the ball's acceleration on the timing of responses, and the differing success rates for these three conditions, coincides with the accepted viewpoint that subjects cannot visually detect the ball's acceleration in real time. The novel and more important observation, however, was the significant difference in timing for the Above and Below conditions, indicating an adjustment of the response depending on the direction of movement with respect to the vertical. The application of gravity-related a priori knowledge would predict that the interceptive responses would occur earlier in the Above than in the Below condition, as we observed. Furthermore we observed no such difference in the control experiment in which the visual conditions of Above and Below were reproduced while the subject held the head in a horizontal posture. Clearly, the adjustment for the direction of movement was based on other sensory cues about the direction with respect to the vertical, such as otolithic information or neck proprioception.
If a precise internal model of gravity exists in the brain, one might imagine that subjects would adjust an a priori assumption about the ball's (nonzero) acceleration to take into account the effects of gravity on the ball, i.e., a ϩ1g or Ϫ1g prior would be applied in the Above and Below conditions, respectively. We were unable, however, to adequately fit a Ϫ1g model to the data for trials coming from below. As an alternative, we proposed that the TTC threshold could instead be adjusted to improve performance even when the TTC estimate does not reflect the true acceleration of the ball . A higher TTC threshold would be used in the Above than in the Below condition, reflecting the expectation that an accelerating ball will arrive earlier than a decelerating one. Shifts in timing parameters compatible with this hypothesis were indeed observed in a set of adaptation experiments performed for downward ball movements (Zago et al. 2004 ). This same mechanism would allow the subject to learn different response delays imposed by the task (e.g., the time delay of the racquet).
In contrast to previous studies, however, the timing shifts of the current experiment cannot be explained through adaptive modification based on feedback about success. The virtual balls in this experiment were equally likely to accelerate, decelerate, or move at a constant velocity, regardless of the direction of movement with respect to gravity. Nothing in the visual stimulus could induce the subjects to adjust their timing depending on the direction of movement, as shown through the Pseudo-Above and -Below control conditions. Furthermore, a greater shift between Above and Below was observed at the transition between movement directions not after practice. Thus the bias in timing reflects a prediction of the likely effects of gravity based on other sensory and perceptual cues that define "up" and "down" in the physical environment. Although this would indicate a rather unsophisticated model of the effects of gravity, (Ϯ1g acceleration is not explicitly taken into account in the estimate of TTC), adjusting the parameters of even a simple, first-order timing strategy would be beneficial in a natural situation-success rate would increase for accelerating balls falling from above and decelerating balls rising from below (the most likely cases).
In extensive experiments on adaptation to accelerating or constant-velocity targets (Zago et al. 2004 , it appears that the expectation of acceleration is predominant for downward moving balls. The weight given to this a priori expectation appears, however, to depend on the physical constraints and context of the task. In comparing the pressing of a button to intercept a downward moving ball versus actually punching it (Zago et al. 2004) , the propensity toward an a priori expectation of ϩ1g acceleration was found to be malleable in the former and unshakable in the latter. Even when subjects repeatedly and exclusively punched constant velocity balls moving from above, there still appeared to be an a priori expectation of acceleration in the estimate of TTC . In the experiments reported here, subjects also responded via a button press, which should have allowed them to more easily adapt the average response to the overall optimum (i.e., highest success for constant-velocity balls). On the other hand, the reaction of the racquet was not instantaneous; sub-jects had to take into account the biologically plausible movement of the racquet and the resulting increased reaction delay (which requires greater anticipation). Furthermore, subjects viewed the ball in an immersive, 3D environment, and they had to tilt the head to observe balls coming from above or below. These factors would have increased the realism of the task and thus may have reinforced the effects of expected acceleration and deceleration, depending on the direction of movement.
Having received feedback about success or failure, did subjects eventually adjust the timing of responses to match the real conditions of three equally probable accelerations? The difference in timing between Above and Below was lower in the second block of trials than in the first, i.e., the difference was smaller after subjects had time to adapt their responses to each movement direction. Nevertheless, the convergence to a common timing appears slow, compared with the adaptation to constant-velocity and accelerating balls . It was shown here and elsewhere that the timing of a given response depends both the kinematic parameters of the actual ball and on the parameters of the preceding trial. It might be that adaptation to the optimal value would be hindered by the continual interspersion of all three ball-accelerations. But interspersed trials in these previous studies did not significantly slow down adaptation. A difference between the two paradigms lies in the constraints of the task. The margin of error and the high variability of response timing reported here meant that some decelerating balls would be hit even if a 0g-or ϩ1g-adapted strategy would be applied and vice versa. This aspect may have slowed the adaptation process, but it also allowed us to observe the adjustments in timing induced by the direction of movement. Had we presented ϩ1 g, 0g, and Ϫ1g balls in blocks of trials, subjects could have adapted more quickly to each acceleration, thus masking the effects of the a priori expectation. It is also worth emphasizing that the Pseudo-Above and -Below conditions showed equal timing from the very start. The observed differences in timing among Above, Below, and horizontal trials are indeed related to an a priori expectation rather than to a response learned through practice.
Up to now we have assumed that subjects used an estimate of TTC to synchronize their movements with the arriving ball. Although there is ample evidence that human subjects use timing cues in such a manner for at least some classes of interceptive tasks (Bootsma and van Wieringen 1990; Lacquaniti and Maioli 1989; Lee et al. 1983; Savelsbergh et al. 1991 Savelsbergh et al. , 1992 Tresilian 1993) , it is possible that subjects adopted other strategies here. For instance, given the combinations of distance, velocity acceleration used in our study, subjects could have achieved comparable success by triggering their responses when the target reached a threshold distance relative to some identified landmark in the visual field ). This can be called a zero-order strategy as no estimate of TTC is used. Even so, this does not change the principal finding of the current study. If subjects indeed triggered their response on the basis of a distance threshold, they applied a larger threshold in the Above than in the Below conditions. Thus one would still have evidence that the control strategy is adjusted based on one's expectation about gravity's effects on the ball. One must also consider the possibility, however, that perceived distances of the ball from the observer was affected by the direction of gaze with respect to gravity.
Integration of vestibular, neck, and visual inputs
We reported that subjects were better at intercepting accelerating targets that descend from the above and decelerating targets that ascend from below rather than vice versa. The key observation was that this difference in performance disappears completely when the head and neck posture with respect to gravity was no longer relevant, that is, when subjects looked straight ahead and relied solely on vision to produce a response. This fits well with the idea that interception timing depends on gravity-related information. It also fits with the well-established notion that the subjective estimate of the visual vertical, as assessed by the ability to set a luminous line aligned with earth vertical, depends strongly on vestibular and proprioceptive cues (Mergner et al. 1997 ; Van Beuzekom and Van Gisbergen 2000) . It has been proposed that an internal estimate of gravity is computed by the CNS as a weighted average of multi-cue information including vestibular (otolith and semicircular canals), optokinetic, neck, and truncal signals (Zupan et al. 2002) . A recent functional magnetic resonance study has shown that the vestibular cortex is selectively activated when a visual target moves with an acceleration consistent with the acceleration due to gravity (Indovina et al. 2005) . Importantly, this network is involved in processing both vestibular and neck proprioceptive stimuli in man (Bottini et al. 2001 ) and monkey (Grusser et al. 1990) . Therefore this cortical network is the likely locus for an internal model of gravitational acceleration used to predict future movements of falling objects.
Conclusions
In these experiments, we observed effects of up-and downward ball trajectories on the timing of interceptive responses; effects that cannot be attributed to the differences in the retinal images experienced in these two cases. It is clear that proprioceptive cues about the subject's posture with respect to the vertical contribute to the adjustment of the timing strategy depending on the direction of the ball's movement. Subjects apply a priori assumptions about the most likely movement of the target when adjusting their interception strategy to a given physical situation.
